Abstract-Advances in power electronics drive systems for variable speed operation has enabled extensive use of such solutions in the propulsion and thruster systems of marine vessels.
I. INTRODUCTION
Hannonics pollution in the voltage caused by the presence of non-linear loads in the onboard electrical system has become a major power quality issue in marine vessels. Up to 80% of the load in a marine vessel are non-linear due to the extensive use of variable speed drives in the electrical propulsion systems with a resulting Total Harmonic Distortion (THD) in the voltage that can exceed 20% [1] .
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Variable speed drive (VSD) systems operating the electrical propulsion in a vessel will extract non-sinusoidal currents from the electrical generators and these currents by flowing through the electrical system will create voltage distortions that can exceed acceptable levels by the classification entities. [2] . Figure 1 shows the single line diagram of the main power installations in a vessel with a typical diesel-electric propul sion. The main components being electric power generation, electric power distribution, VSD motor drive systems for main propulsion/thrusters and ship service distribution. Ty pical VSD systems are composed by a front end diode rectifier that will extract current with characteristic harmonics of the 5th, 7th, 11th and 13th, etc. (6 pulse rectifier), and of the 11th, 13th, 23th, 25th, etc. (12 pulse rectifier). 18-pulse drive systems also exists and up to 48 pulse systems are reported for very large systems. Increasing the pulse number can reduce the total harmonic distortion in the current by exploiting the cancellation effect of the phase shifting transformer. However, measurement of harmonics in the field reveal the presence of non-characteristic harmonics due to the effect of trans former saturation and voltage unbalances [3] . In general, the 978-1-4673-6741-7/15/$31.00 ©2015 IEEE spectrum of harmonic distortion in the voltage and currents will depend not only on the characteristic harmonics of the given configuration and topology of the VSD, but also on transformer saturation and loading of the 3 phase system. This will complicate the task of a-priori knowing (identifying) the specific composition of harmonics in the voltage and currents. Still, most harmonic compensation approaches will generally require the knowledge of the harmonic composition to be able to achieve a targeted (selective/proper) reduction of the THD.
The most widespread approach for mitigating harmonics is the use of passive filters. Passive filters are typically tuned to absorb a given set of harmonics and the configuration needs to be modified if the harmonic spectrum changes. Active filters, which are based on PWM harmonic current injection, have a broadband compensation capability and can follow in real time changes in the harmonic spectrum due to their inherent fast current tracking performance. This property makes them perfectly suited for tightly following dynamic loads. The downside is that active filter technology is costly and more complex than passive filters. The cost of the technology in creases as the required power rating gets higher [4] . Therefore, achieving a given THD performance with a small filter size is a highly desirable objective that has been the main motivation of this investigation.
Due to cost, complexity and reliability issues, active filters are generally not considered as first candidate solution for harmonic compensation in marine vessels. A reason behind this might lie in the fact that active filters were traditionally designed for locally compensating residual harmonics of large industrial loads in combination with passive filters. Active filters are not generally proposed for global or system-wide mitigation of harmonics. In this paper, we explore and inves tigate the capabilities offered by the active filter with its em bedded digital control and fast switching actions to perform the task of system-wide harmonics mitigation in a marine vessel. As the compensation problem becomes more complex when addressing harmonic compensation at the system level with a minimum required filter size that can meet the compensation target, it is natural to approach the problem using optimization techniques.
Ideally, an active filter can always produce the harmonic current waveform required by the load so that the source will only provide the fundamental current. However, this will re quire a filter current rating that can be prohibitively expensive. In addition, when there is more than one harmonic generating load, the concept of perfect compensation of one load will, in general, provide a non-optimal compensation to the overall system. These two aspects (system level THD reduction and minimum filter size) are simultaneously addressed in this paper by formulating an optimization problem that includes both, system THD and filter size, in the objective function.
The optimization problem is formulated in a way that the algorithm is searching for the best combination of current harmonic phases that will give as a solution the best feasible THDs in the system with the minimum required rating for the active filter. The findings of the optimization methodology that is elaborated in the subsequent sections are promising and reveal a lower system THD and filter rating than achievable with local compensation without optimization.
II. MARINE VESSEL SYSTEM MODELLING
A marine vessel's power distribution grid is designed to handle loss of power caused by e.g. short circuited distribution lines, various faults related to loads, and tripping of genera tors. This is often achieved by advanced power grid designs using bus-tie breakers [5] . The simplified model of a small distribution grid shown in figure 2 (parameters represented in table I) is assumed in this paper. This model includes two generators, two loads and an active harmonic filter.
• Current measurements 
A. Model of the Power Distribution Grid
The mathematical model for the power distribution grid illustrated in figure 2 can be derived using Kirchhoff's current and voltage laws, and can be stated as di sl .
One should note that capacitors are inserted in the power grid for modeling purposes, and should be given small values with the only purpose of having a well-defined solution to the equations, e.g. 10-7 F.
The generators are modeled as ideal voltage sources with a voltage phase shift ¢ v,
while the nonlinear loads are modeled as current sources with characteristic harmonic components of order 5, 7, 11 and 13 with phase shifts cPL ,i and amplitudes h,i,
The fundamental frequency can also experience vanatlOns due to unbalances between produced and consumed power, which introduces speed variations in the generator shafts. Such variations can be represented by including in the model of the currents the following expression (4) where fJ is the fundamental frequency, Ap is the frequency variation peak and It is the rate of the frequency variations. The rate of the frequency variations, It, is often within 0.1-1
Hz, and the frequency peak, Ap, is assumed to be 1-5 Hz.
Hence, the time varying angular frequency is given by w : = w(t) = 27rI(t) .
B. Model of the Active Filter (AF)
The active filter is modeled as a current source as indicated in figure 2. The operation of the AF is based on the principle of locally supplying to the load the higher order harmonic components of the load current so that the generators will only supply a clean sinusoidal current to the load. In this way, the active filter harmonic current injection will mitigate the propagation of harmonics through the vessels distribution grid. The mathematical expression of the AF harmonic current injection is
where IF ,i are amplitudes of the filter's harmonic current com ponents. Before proceeding with the discussion of harmonic filter constraints, the power grid model should be extended to a three-phase three-wire configuration.
Due to the properties of three-phase three-wire the 0(30 frame is simplified to 0(3, where the (3 current is lagging the o current by 90°. This is due to the assumption of balanced sources, hence the neutral wire in a three-phase four-wire configuration is excessive. The three-phase three-wire model for the voltage sources, assuming balanced sources, can be written in the 0(3 frame as
In the same way, the load and filter models can be extended to three-phase three-wire using the 0(3 frame. Due to the definition of the 0(3 frame, which requires 90° phase between the 0 and the (3 phase, all load and filter phases (cP F ,i and cPL ,i) must be equal for both 0 and (3 phase. Aslo, for the filter model (eq. (5)), the filter amplitudes in 0 and (3 are kept equal to ensure balanced filter currents. In the rest of this paper subscript 0 and (3 are used to denote the 0 and (3 phases for each voltage and current component, and the vectors (phasors) v and i are used to represent voltages and currents, respectively, given in the 0(3 frame. It is referred to [6] for details regarding the 0(3 frame in three-phase three wire configurations. [7] .
C. Model of the AF Current Rating Constraints
The harmonic filter model should be constrained to the filter's physical limitations. Figure 3 illustrates the limitations in both the abc and the 0(3 frames. In the abc frame the phases are restricted by Vj E {a,b,c}, (7) which forms the hexagon given in figure 3. These restrictions can be expressed in the 0(3 form by
where the hexagon's apothem is given by
and i� m is a design variable representing the filter's limita tions. Eq. (8) gives a set of linear constraints, which represent the physical limitations of the filter. An approximation of the hexagon constraints, which is given by the red dotted circle in figure 3 , is given by 
The current phasor constraint given by eq. (10) is nonlinear and may increase the required calculation costs to find an optimal solution to the problem. The circular constraints, eq. (10), will be used in the test cases presented in section IV due to simplicity of implementation. For notational simplicity we define the feasible region for the filter's current vector i F E S.
III. FORMULATION OF THE OPTIMIZATION PROBLEM
The overall goal of the optimization is to minimize the harmonic distortions in the power grid by controlling the harmonic filter's amplitudes and phases. One approach to optimize filter currents is the Nonlinear Model Predictive Control (NMPC). The NMPC approach re-optimizes the filter currents after each completed optimization horizon using new measurements as initial values to the optimization problem. In this paper the NMPC problem is solved using Multiple Shooting and a non-linear programming (NLP) solver. Before discussing multiple shooting, the problem is formulated on standardized form.
A. Algorithm of the Objective Function
In order to perform this study, the indicator used for the system level THD, is defined as a function of the sum of all the harmonic currents in the system. Aiming at minimizing this function, will in turn reduce the THD of all currents in the system and by that the THD of the load voltages.
The objective of the problem will therefore be to minimize, by design, the harmonic current components generated by each non-linear load, and by that prevent harmonic distortions from propagating through the power distribution grid. Assuming that the higher order harmonics (5th, 7th, 11th and 13th) generated by a 6-pulse diode rectifier are known and given by
'Vi E {6k ± 11k = 1, 2}, and the algebraic state vector can be represented by (12) where the loads i L l and iL 2 are the three-phase three-wire extension of eq. (3) given in the a(3 frame, the filter current iF is the three-phase three-wire extension of eq. (5) given in the a(3 frame, and the harmonic components of each load, i 1 1 and i 1 �, are given by eq. (11). The dynamic state vector is given by (13) To control the filter currents, both filter amplitudes and phases are considered as controls, which can be altered during the optimization horizon, thus time dependent. Hence, the control vector is stated as
The NMPC problem can now be stated on a horizon T as
x(t) = f(x(t), z(t), u(t)), (15) h(x(t), z(t), u(t)) = 0, g(x(t), z(t), u(t) (16) is added to minimize the filter amplitudes, hence minimizing the filter's power rating, and also provide stability and robustness with regards to modeling errors. qu < ql , q2
as minimizing the power rating is of lesser importance than decreasing the harmonic pollution in the power grid.
B. Direct Multiple Shooting
Non-linear Programming solvers requires a problem formu lation consisting of a set of equations dependent only on the unknown control variables. Multiple shooting is one of many methods which integrate, discretize and reshapes the problem formulation to a form accepted by NLP solvers [8, 9, 10] . In the multiple shooting method the time domain is divided into smaller time intervals and the DAE (Differential Algebraic Equation) models are integrated separately in each interval. In direct multiple shooting the controls are discretized on the coarse grid given by each interval. To provide continuity of the states across intervals, equality constraints are imposed. If we denote the dynamic state vector x at the start of interval n as xn(tn ,O) and end of the interval as xn(tn,d, the equality constraints which binds the intervals n E N are
Xn-l(tn-I,I) -Xn (tn ,O)
where X l (0) = Xo, Xo initial value. The equality constraints, eq. (17) , are added to the NLP formulation defined in eq. (15) . The integration scheme used in the multiple shooting in this work is the explicit Runge-Kutta 4 (RK4) [8, ch. 9] .
C. Implementation Aspects and Requirements
The implementation of the NMPC is realized in Python using the Casadi framework, which is a symbolic framework for algorithmic differentiation and numeric optimization [11] . The NLP solver used is IPOPT [12] . Due to the modeled frequency variations in the fundamental frequency the MPC is scheduled to provide a filter current reference lasting 0.025s, which is a little bit longer than one period of 50Hz. The NMPC implementation for the test cases represented in this paper uses a couple of seconds (Intel Core i7-4600U CPU @ 2.lOGHz x 4) to solve one period of the horizon, i.e. 0.02 seconds horizon at 50 Hz. Clearly, the Python implementation does not provide sufficient real-time properties suitable for solving the optimization problem, and thereby only used for prototyping in a simulation environment.
Despite the large optimization problem and the computa tional costs related to the Python implementation putting the real-time properties at risk for a practical implementation of the NMPC, the solution could be implemented in C/C++ which may give better real-time properties. Another possibility is to use a FPGA to solve the optimization problem. The FPGAs are quite effective and have shown promising results related to linear and nonlinear MPC implementations, [l3, 14] . FPGAs solving MPC problems have also been used for controlling power electronics, which requires low computational costs [15] .
IV. RESULTS
Three symmetric test cases with different levels of harmonic distortions are studied. Table II summarizes the test cases corresponding to a 6-pulse diode rectifier for load 1 and load 2. Before addressing the resulting THD values for the voltages near the loads the necessary current filter rating to perform sufficient harmonic conditioning is discussed. Figure 4 showcases different filter current ratings for each test case proposed in table II. As evident the THD values are smallest when the filter's current limit, i� m , becomes large enough to cope with the harmonic pollution from the nonlinear loads. Due to the difference in harmonic pollution the test cases requires different filter current limits to cope with the harmonics. For test case 1 a current limit of i� m = 0.5 [pu] is sufficient. An increase in the current limit would not give better THD values. The same applies for test case 2 and 3 which have current limits of approximately i� m = 0.6 [pu] and i� m = 0.7 [pu], respectively. Even at low current ratings the filter would conduct harmonic conditioning. As can be seen from test case 3 in figure 4 a current rating of i� m = 0. 1 [pu] is too low to cope with the high level of harmonic pollution, however the filter reduces the THD values for the voltages near the loads even at this low current rating. The findings tied to the THD saturation, as showcased in figure 4 , would be important when deciding the filter size for power grids with certain levels of harmonic pollution. ,-------,----- 
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B. Total Harmonic Distortion in the system
Another result to be discussed is the resulting THD values for the voltages near the nonlinear loads, which are shown for all three cases in figure 5 with and without filtering. A local filter with infinite filter size has been added for comparison. The local filter considers only load 2 and has no further knowledge of the grid. The total THD values are computed using the THD from each phase in the a(3 form by
For all three test cases the THD values for the voltage near load 1, v L1, are more or less similar compared to the THD values when using the local filter without optimization. This is due to the impedance in the distribution grid preventing the filter to do better harmonic conditioning. Also the THD value for the voltage near load 2, VL2, for case 1 is quite similar to the THD value when using the local filter. However the THD value for VL2 are lower for case 2 and 3 when using NMPC compared to local filtering. This is because of the MPC's consideration of both loads, with the result of reducing the THD. Figure 6 illustrates the effect of harmonic conditioning using NMPC for case 3. The four plots to the left represent the THO calculations voltages v L1 and v L2 when using NMPC to provide filter reference currents, while the four plots to the right represent the voltages when no filtering is conducted. As can be seen, the harmonic components have been reduced, resulting in the decreased THD values represented in figure 5.
C. Active filter power rating
Since the NMPC optimizes the phases when calculating the optimal filter currents, also the filter's power rating will be lower compared to local filtering. This is illustrated in figure  7 . As evident, when using the NMPC to calculate the active filter reference current a higher level of harmonic pollution will give a better power rating compared to local filtering. This is because filter amplitudes will generally be higher for a high level of harmonic pollution compared to a low level of harmonic pollution. Hence, utilizing the filter phases in the NMPC would result in using lower filter amplitudes than utilized by local filtering, which in turn would result in a lower filter power rating, as illustrated in figure 7.
V. CONCLUSION This paper shows how optimization can be used to provide the reference current to an active filter for system level harmonic conditioning in a marine vessel's power grid. A non-linear model predictive control (NMPC) was proposed and implemented based on a simplified power distribution grid model, including the active filter's current constraints. Multiple shooting and the NLP solver IPOPT [12] was used to solve the NMPC problem.
Three test cases with different levels of symmetric loads were investigated, and local filtering was implemented for the purpose of comparison. It was shown that even with small filter ratings the active filter was able to achieve harmonic conditioning due to the flexibility of altering the filter current phases, and by that reducing the filter current amplitudes. The utilization of filter current phases resulted in a lower active filter rating when using the NMPC compared to local filtering.
Overall, the NMPC provides better harmonic conditioning than local filtering. This is because the NMPC considers both sources and calculates optimal filter current references. However, only test cases with symmetrical loads were pre sented in this study. When asymmetrical loads are present, and especially if load 1 is more distorted than load 2, the NMPC is expected to provide even better harmonic conditioning than local filtering due to the consideration of both loads [16, 17] .
A reduction in active filter power rating is sought for due to economical reasons. Hence, compared with local filtering, an active filter with NMPC calculated filter reference currents could provide better filtering with a lower power rating than using local filtering techniques.
The optimization-based filter current reference generation implementation presented in this work does not yet provide real-time properties enabling flexible, stable and robust power conditioning. One possible approach towards satisfactory real time properties would be to model the filter currents, the load currents and source voltages as linear second order oscilla tions, and use the hexagon constraints which will result in a linear MPC representation. A linear MPC problem is generally easier to solve than a NMPC problem, and effective linear solvers like CVXGEN [18] and qpOASES [19] could provide the real-time properties needed. In the literature several linear MPC and linear optimization problem implementations, such as [15, 20, 21, 22, 23] , are reported with good real-time properties. Another approach would be to use an effective C/C++ library, e.g. ACADO [24] , to solve the NMPC problem discussed in this work.
Another important aspect to discuss is measurements and measurement noise. Measurements are required to initialize some of the variables in the algebraic state vector z and the dynamic state vector x. Especially, the generator voltages, v Sl and VS2, and the load currents, iLl and iL2, are necessary to initialize by measurements. These variables are fundamental entities and determines the grid's behavior at a given point of operation. The results of the harmonic conditioning using the MPC is depending on the accuracy and correctness of the load current measurements and the generator voltage measure ments. Due to the MPC's predictive behavior measurements of the load amplitudes of each harmonic component, including the fundamental, are a necessity. These measurements can be obtained by real-time FFT measurement equipment, however, care must be taken since only a small deviation from the true measurement due to measurement noise could impair the quality of the harmonic conditioning. This could lead to THD values higher than the allowed limits set by class entities and also in worst case cause instability.
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